Cyclic AMP (cAMP) has been reported to occur in many diverse fungi, including the ascomycetes Schizosaccharomyces (25) , Saccharomyces (32, 38) , Neurospora (8, 24) , and Aspergillus (41), the basidiomycete Coprinus (37) , and the phycomytes Mucor (22) and Blastocladiella (27) . In many of these studies, changes in endogenous cAMP levels have been observed and have been correlated with developmental or morphological changes in the organism (22, 27, 37) . However, neither the physiological parameters controlling endogenous cAMP levels nor the direct biological role of cAMP in fungi is completely clear. Because of the findings in Escherichia coli implicating cAMP in catabolite repression, much work has been devoted to investigating the possibility of similar control in fungi. The evidence to date suggests a correlation between carbon catabolite repression and cAMP levels in yeast (18, 25, 38) . However, this does not appear to be a general phenomenon among the fungi, since carbon availability has little effect on cAMP levels in Aspergillus (41) or N. crassa (21) . Consequently, other cellular parameters may control cAMP levels in fungi.
The cellular parameter which seems to control cAMP levels in Neurospora is the plasma membrane potential (21) . This proposition is based upon the evidence that diverse treatments which act to depolarize the plasma membrane of Neurospora lead to a rapid transient increase in endogenous cAMP levels (21, 30) . Such treatments include the production of large transport fluxes of both metabolizable and nonmetabolizable substrates, treatment with uncouplers of Qxidative phosphorylation, rapid temperature drops, and possible mech4nical stress.
To determine whether the elevation of endogenous cAMP levels is a general response to plasma membrane depolarization in fungi, surface active antibiotics were employed to depolarize the plasma membrane of three evolutionary diverse fungi, N. crassa, Saccharomyces cerevisiae, and M. racemosus. As reported below, each treatment with the antibiotics caused a rapid increase in endogenous cAMP levels. Treatment of S. cerevisiae or M. racemosus with uncouplers of oxidative phosphorylation also led to increases in cAMP levels similar to those reported earlier in N. crassa (21) .
Based upon the evidence presented in this paper, it is proposed that plasma membrane depolarization generally controls cAMP levels in fungi. The cAMP response to these agents is similar in all three fungi and presents the possibility that cAMP levels may have similar biological functions in these organisms. A function for cAMP in controlling the integrity of the cell surface is proposed.
MATERIALS AND METHODS
Strains and growth conditions. Experiments TREVILLYAN AND PALL were performed with either wild-type N. crassa 74A, obtained from Norman H. Horowitz (California Institute of Technology, Pasadena), or the cr-I B74 mutant or the erg-i UVI mutant, both obtained from the Fungal Genetic Stock Center, Arcata, Calif. The wildtype haploid strain of S. cerevisiae S288C was obtained from the Yeast Genetics Stock Center, Berkeley, Calif. Wild-type M. racemosus 1216B was obtained from John Paznokas (Washington State University, Pullman).
In the case of N. crassa, young mycelia were grown essentially by the method of Wiley and Matchett (40) 
RESULTS
As reported earlier, diverse plasma membrane depolarizing treatments in N. crassa lead to increases in cAMP levels (21) . To determine whether such cAMP increases are found in response to other depolarizing treatments, several antibiotics were used which produce a breakdown in the permeability barrier of the plasma membrane, the subsequent ion flow consequently producing a depolarization (13, 31) . In most cases, these antibiotics form aqueous pores in the plasma membrane, allowing ion flow through the pores (13, 20) .
The polyene antibiotics nystatin and amphotericin B produce a rapid cAMP increase in Neurospora (Fig. 1) . Nystatin has been shown to cause leakage of intracellular metabolites from the organism (16) and electrophysiological studies on Neurospora show it produces a rapid plasma membrane depolarization (28) . Although electrophysiological studies have not been reported with amphotericin B in Neurospora, the antibiotic does depolarize animals cells (A. R. Freeman, Fed. Proc. 29:795, 1970; A. Cass, personal communication cited in reference 13) and it has been shown to produce the expected metabolite leakage in Neurospora (16) .
The peptide antibiotics polymyxin B and tyrocidine also produce substantial cAMP increases in Neurospora ( Fig. 1 and 2 ). Both of these antibiotics produce metabolite leakage (17, 31) , and electrophysiological studies on tyrocidine action in Neurospora show that the anti-/' biotic rapidly depolarizes the plasma membrane (17) . Consequently, it appears that all four depolarizing antibiotics produce rapid increases in cAMP.
The plasma membrane of many organisms is relatively permeable to K+ ions, and as might be expected, the addition of high concentrations of potassium salts to the medium of Neurospora produces a substantial membrane depolarization (28) . The addition of KCl to the medium also produced a rapid cAMP increase (Fig. 2) .
The effect of nystatin on intracellular cAMP levels was further investigated (Fig. 3) in a nystatin-resistant mutant of N. crassa (erg-i, UV1) and a morphological mutant of N. crassa (crisp-1, B74) reported to have low adenylate cyclase activity and low endogenous cAMP levels (33) .
Nystatin (3 ,ug/ml) added to 74A wild-type cultures results in a 10-to 15-fold increase in cAMP levels compared to a smaller four-to fivefold increase with 0.3 ,ug of nystatin per ml ( Fig. 1 and 3 ). This clearly indicates that the cAMP response to nystatin is dose dependent. Nystatin addition to the nystatin-resistant mutant (erg-i) results in a smaller and slower response in cAMP (Fig. 3) . 2,4-dinitrophenol treatment produces a normal cAMP increase in erg-i (data not shown). It is known that polyene antibiotic-resistant mutants show significant qualitative and quantitative changes in membrane sterol composition (10, 11) which have lower affinities for polyene antibiotics (14) . The smaller increase in cAMP levels with the erg-i mutant suggests that the interaction of nystatin with membrane sterols is required for the cAMP response as opposed to possible alternative effects of the antibiotic.
In the cAMP, adenylate cyclase-deficient mutant, cr-i, B74, addition of 3 ,tg of nystatin per ml produced no increase in the low endogenous cAMP levels (Fig. 3) . In all treatments described above, the increase in cAMP levels is followed by at least a partial recovery toward normal levels. The recovery seems to be associated with some refractoriness of the system to subsequent stimulation (Fig. 4 ). An initial treatment with 0.3 ,ug of nystatin per ml produced a typical fourfold response in cAMP levels followed by a partial recovery, but the subsequent treatment with 3 jig of nystatin per ml gave only a small cAMP increase ( Fig. 4 ; cf. Fig. 3 ). The earlier nystatin treatment appears to produce a decline in one of the responses to subsequent, high-level nystatin treatment such as insertion of the antibiotic into the plasma membrane, membrane depolarization or, possibly, control of adenylate cyclase activity.
The pore-forming antibiotics used here and the uncouplers of oxidative phosphorylation used earlier (21) provide tools for depolarizing plasma membrane of a variety of organisms because their mechanisms of action appear to be similar in phylogenetically diverse cells. Nystatin is known to be toxic in the yeast S. cerevisiae and to lead to permeability changes and leakage of intracellular components (19) which are similar to the changes discussed above in Neurospora. Treatment of S. cerevisiae with nystatin leads to rapid cAMP increases (Fig. 5) .
The uncouplers of oxidative phosphorylation, 2,4-dinitrophenol and carbonyl cyanide m-chlorophenylhydrazone (CCCP), depolarize plasma membrane of Neurospora probably by acting as H+ carriers across the plasma membrane and by depleting the ATP pool which is required to drive the H+ pump which maintains the plasma membrane potential (29, 30) . H+ fluxes appear to play a similar role in yeast to those shown in Neurospora (6, 9, 12) and, consequently, the uncoupling agents should produce a similar depolarization in yeasts. The uncoupling agents also produce a large cAMP increase in Saccharomyces (Fig. 5) .
Similar studies in the phycomycete fungus M. racemosus showed that the polyene antibiotics, which are toxic to that organism (Trevillyan, unpublished data), produce cAMP increases in that organism as does the uncoupling agent CCCP (Fig. 6) . These results and those found in Saccharomyces and Neurospora provide evidence that plasma membrane depolarizing treatments produce increases in cAMP levels in diverse fungi.
DISCUSSION
Because plasma membrane depolarizing treatments control cAMP levels In Neurospora (21), it was considered important to determine whether a relationship between plasma membrane depolarization and endogenous cAMP levels might exist in other fungi. To probe this question, two types of putative depolarizing agents were employed: (i) membrane-active antibiotics, and (ii) uncouplers of oxidative phosphorylation. Because they increase the permeability of the plasma membrane, the membraneactive antibiotics can be predicted to dissipate the transmembrane potential of sensitive organisms. This has been shown to be true in both Neurospora (17, 28) The concentration of ethanol in the culture did not exceed 0.3%. Ethanol (0.3%) was added to a parallel culture to determine the influence of ethanol alone upon cAMP levels. many microorganisms active transport processes appear to be driven by the symport of a H+ down an electrochemical gradient coupled with the transport of the substrate against a concentration gradient. A requirement for proton symport in the active transport of glycine in Saccharomyces (6) , amino acids and nucleosides in Schizosaccharomyces pombe (9), monosaccharide transport in Rototorulagracilis (12), hexose transport in Chlorella vulgaris (26) and glucose and ammonia transport in N. crassa (30) has been reported. The active translocation of protons through the plasma membrane maintains the gradient of protons necessary to drive the transport processes (9, 12, 29, 30) and also establishes a transmembrane potential (12, 30) .
Consequently, the uncouplers of oxidative phosphorylation (CCCP and 2,4-dinitrophenol) can cause plasma membrane depolarization by both acting as protonophores across the plasma membrane or by depleting the ATP pools required to maintain the plasma membrane potential. Both CCCP and 2,4-dinitrophenol have been shown to depolarize the plasma membrane of Neurospora (29) , apparently by both of these mechanisms.
Treatment of Neurospora, Saccharomyces, and Mucor with either uncouplers of oxidative phosphorylation or membrane active antibiotics causes rapid, transient increases in endogenous cAMP levels (Fig. 1, 2,4 , and 5) (21) . The cAMP responses in these three fungi show similar time courses, the initial increases in cAMP being detected at 30 s after the addition of the putative depolarizing agent. The maximal cAMP levels are reached between 1 and 3 min from the time of addition of the agent, followed in general by a decline in the cAMP levels. The somewhat faster response in Saccharomyces may be due to the higher culture temperature used for that species. The similarity of response of the three species is significant in view of the evolutionary diversity of these fungi. Although both N. crassa and S. cerevisiae are ascomycetes, cytochrome c sequencing data indicate that they may have diverged from a common ancestor about 8 x 108 years ago (7) . M. racemosus, belonging to the phycomycetes, is even more distantly related. The similarity of the cAMP responses suggests not only that the cAMP levels are responding to a common consequence of these treatments, but raises the interesting possibility that the increased cAMP levels may serve similar biological functions in these fungi.
If, as suggested, cAMP is responding to a common consequence of these treatments in diverse fungi, what might be the nature of this event? The only known common consequence of the treatments reported here and earlier in Neurospora (21) , is that they all cause plasma membrane depolarization. However, definitive evidence that plasma membrane depolarization per se triggers the cAMP response has not yet been found. It seems clear, however, that cAMP levels are not responding to the influx of a single specific cation, since both the influx of K+ (Fig.  2) with KCl treatment and the transport-mediated influx of protons (21) both produce increased cAMP levels.
Interestingly, extensive evidence that plasma membrane depolarization controls cAMP levels comes from work done on central nervous system tissue (3), which one would suspect to have highly regulated membrane properties. As in fungi, the central nervous system evidence shows that plasma membrane-depolarizing treatments produce large increases in cAMP levels. Consequently, increased cAMP levels in response to plasma membrane depolarization may be common among diverse eucaryotic cells.
A possible function for such cAMP increases in microorganisms has been discussed briefly (21) . Microorganisms are continually being subjected to environmental threats such as osmotic shock, mechanical stress, temperature shifts, and exposure to surface acting antibiotics, detergents, and other chemicals which challenge the integrity of the plasma membrane. Consequently, it would be advantageous for microor-VOL. 138, 1979 on July 5, 2017 by guest http://jb.asm.org/ Downloaded from ganisms to have evolved homeostatic control mechanisms to maintain the integrity of the plasma membrane. Obviously, the plasma membrane potential is a sensitive monitor of such threats to the membrane integrity, since a breach in the permeability barrier results in depolarization. Consequently, the following model is proposed. Membrane depolarization causes increased cAMP levels, presumably by stimulating the membrane-bound adenylate cyclase. The involvement of the adenylate cyclase in the cAMP response is suggested by the fact that the crisp-i mutant in Neurospora, which has low adenylate cyclase activity, fails to show increased cAMP levels in response to nystatin treatment (Fig. 3) . The elevated cAMP levels nornally produced by depolarization would, in turn, function to restore the integrity of the plasma membrane by possibly stimulating cell wall biosynthesis, altering membrane permeability properties and/or other cell surface properties. The proposed sequence can be diagrammed as follows.
plasma membrane depolarization --cAMP increase decrease in cell membrane permeability, increase in cell wall thickness, other cell surface changes
These functions would presumably be mediated by the action of cAMP-dependent protein kinase whose action might involve either stimulation of biosynthetic enzymes involved in the synthesis of membrane or cell wall precursors or stimulation of enzymes involved in the phosphorylation or other modification of membrane components.
Evidence that cAMP controls cell surface properties has been reported in Neurospora (35) and the phycomycetes (2, 36) . In the latter, it has been shown that exogenous cAMP causes increased cell wall production, resulting in cell walLs 4 to 6 times thicker than normal. In the Neurospora cell wall-deficient slime strain, exogenous dibutyryl cAMP (4 mM) has been shown to stimulate the pinching off of beaded spheroblasts from extended flattened spheroblasts (35 (21) . The ubiquity of cAMP among living organisms has led some to look for a unifying role of cAMP across wide phylogenetic divisions. One proposal is that cAMP arose as a primitive starvation signal (15, 34) , as suggested by the results in Escherichia coli. However, the evidence outside the gram-negative bacteria does not support the view that cAMP acts, in general, as a carbon starvation signal. As noted in the introduction, cAMP levels do not seem to increase in response to carbon deprivation in Aspergillus (41) or Neurospora (21) and carbon catabolic enzyme synthesis, rather than being stimulated by cAMP (as in E. coli) is reported to be inhibited in Neurospora (5), Mucor (1), and Tetrahymena (23) . Even in the gram-positive bacterium Bacillus subtilis cAMP is reported not to mediate carbon catabolite repression (4) .
The model proposed here of cAMP and control of plasma membrane integrity may provide a unifying framework in understanding cAMP action in diverse eucaryotes.
